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Abstract 
Design of highly efficient multifunctional reaction processes for energy production is one of the 
main focus areas of Chemical Engineering. This article presents multiscale simulation frameworks 
for heterogeneously catalyzed reactors wherein numerous synthesis steps are integrated for high 
efficiency biodiesel production. The goal is the modeling of transport-adsorption-reaction-
desorption phenomena through catalytic porous networks for efficient diffusion, reactions of desired 
pathways and elimination of side reactions and waste formation. Building upon exciting ongoing 
EPSRC funded research activities on ‘Designer catalyst for high efficiency biodiesel production’, 
this work proposes a simulation method to model micro-meso porous intrinsic kinetic and diffusive 
parameters and phenomena for Fatty Acid Methyl Esters (FAME) synthesis from triglyceride 
transestrification. The following heterogeneous MgO catalyst design parameters are obtained to 
achieve a triglyceride molar conversion >98%: for pore sizes of 5-20 nanometer, activity: 0.044-0.3 
moles per gm and specific surface area: 0.005-0.05 cm
2
 per gm. 
Keywords: Wilke Chang equation, Eley-Rideal kinetics, green chemistry, sustainable process 
development, diffusion modeling, intrinsic kinetic modeling. 
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1. Introduction 
Biodiesel is made from non-edible oils that undergo a series of transesterification reactions to 
produce Fatty Acid Methyl Esters or FAME. This process also makes glycerol as a side product, 
although this is of low quality if produced using homogeneous catalysts. Solid acid base 
heterogeneous catalysts when optimized for biodiesel synthesis, byproduct glycerol can also be 
recovered as a feedstock to numerous added value green chemical production routes, propylene 
glycol, propanol, glycidol, glyceric acid, glyceraldehyde, polyesters and nylons, etc. Previous works 
have focused on the screening of heterogeneous catalysts and identifying suitable kinetic descriptors 
(Kapil et al., 2011; Pessoa et al., 2009; Rao et al. 2007). Catalytic reactive distillation offers new 
opportunities for manufacturing fatty acid esters, involved both in biodiesel and specialty chemicals 
(Dimian et al., 2009). A key problem is the effective water removal in view of protecting the solid 
catalyst and avoiding costly recovery of the alcohol excess. The transport phenomena especially 
diffusion limitation for such reactive separation or intensified processes can significantly limit the 
reaction conversion and reduce the selectivity and yield of desired products. If heterogeneously 
catalysed high efficiency biodiesel production processes are to be viable, a number of issues will 
have to be overcome. Sufficient knowledge of the system and its reactive and diffusive behavior, 
along with catalyst characterization and pore network information will be needed, in order to 
effectively model and then scale-up and optimize the system. This work makes use of multi-
component diffusion calculations for viscous systems (Krishna and Taylor, 1993) and proposes 
multiscale transport-reaction process simulation between hierarchical porous catalytic and 
continuum bulk scales.  
Kapil et al., (2008) developed a unified framework integrating continuum model at bulk scale with 
the diffusion-reaction-sorption model at particle porous scale in a fixed-bed reactor and effectively 
applied to various reaction and sorption enhanced reaction processes. Halabi et al., (2011) used one 
dimensional dynamic model to take account of the mass and thermal dispersion in the axial 
direction for K-promoted hydrotalcite based Ni/MgO catalyst system, demonstrating hydrotalcite as 
an effective structure for scaled up processes providing accessibility of MgO active sites dispersed 
in layers. Lapkin et al., (2011) developed a robust approach using multi-scale molecular, reaction 
and process design tools for reverse design of intensive processes and functional materials. Fahmi, 
and Cremaschi, (2012) developed a superstructure optimization model to synthesize a biodiesel 
production plant. To reduce the computational cost of solving the resulting disjunctive 
programming, the surrogate models utilizing artificial neural networks, were developed to replace 
the unit operation, thermodynamics and mixing models. Hechinger et al., (2010) used molecular 
structures of fuels exhibiting promising properties by means of Computer-Aided Molecular Design, 
while alternative production pathways are identified, classified and assessed by Reaction Network 
Flux Analysis. This methodology integrates the product and process design for the identification of 
promising biofuel molecules of the future. Halim and Srinivasan, (2011) proposed A knowledge-
based simulation-optimization framework for generating sustainable alternatives to chemical 
processes. The framework has been developed by combining different process systems engineering 
methodologies – the knowledge-based approach for identifying the root cause of waste generation, 
the hierarchical design method for generating alternative designs, sustainability metrics and multi-
objective optimization in a decision-support framework. The methodology was applied to biodiesel 
production case studies.  
In spite of numerous publications on biodiesel process optimisation, there is limited applicability of 
existing modelling works in diffusion transport modelling of viscous systems, such as 
transesterification reactions, opening up the need for robust modelling of complex, viscous, 
multicomponent systems. The major complexity involved in modelling multicomponent diffusion is 
the potential non-ideal behaviour along with interdependent diffusion driving forces. Diffusion in 
binary and, to a lesser extent, ternary mixtures has been well studied and calculations can be carried 
out accurately for a large number of systems. In systems where the number of components exceeds 
three the tendency for the diffusion behaviour of the mixture to deviate from the ideal is greatly 
increased. The larger the number of components the greater this potential deviation becomes and 
therefore the less accurate the calculations become. An additional problem is the lack of 
information on the diffusion properties of the system of interest. With growing interest in 
heterogeneous meso-macro porous catalyst and multi-functional intensified reactors in light of 
advantages in downstream separation processes, robust modelling frameworks for biodiesel system 
diffusivities correlating to the physical properties of the system thus must be developed. This paper 
aims to bridge the above research gaps, looking to find rational solutions or suitable approximations 
by enabling effective modelling of the diffusive / reactive system, relevant for generalised 
modelling of reaction systems where diffusion transport has important effect on the reaction 
performance. The methodology features the Eley-Rideal type kinetic mechanism and 
multicomponent diffusion models for viscous systems. The methodology is demonstrated using a 
model system of tributyrin transesterification in the presence of MgO catalysts. 
2. Methodology 
2.1. Diffusion Reaction Equation (DRE) 
The mass transfer equation 1 for a well-mixed section establishes the relationship between the 
effective diffusivity and the rate of reaction of components in a reaction system and the 
conservation of the component.  
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Where Ci is the concentration of component i, v is the convective fluid velocity, 
eff
iD  is the 
effective diffusivity of component i, rj,j is the stoichiometric rate of reaction j, in which the 
component i participates (the positive sign for the rate of reaction term applies to the products and 
the negative sign applies to the reactants, respectively). This equation assumes no back mixing and 
negligible convective transport. A continuous stirred tank reaction (CSTR) or well missed reaction 
section with catalyst suspended in the reaction mixture displays the behaviour shown by equation 1. 
The transport of components between the bulk and catalytic pores is dominated by the diffusive 
transport due to concentration gradients. 
In order to establish the intrinsic kinetics of a reaction system, a laboratory scale slurry reactor can 
be prepared with homogeneous suspension of nonporous catalyst powder. For this kind of reaction 
system, it is rational to neglect the diffusive effect and assume that the net rate of productions and 
consumptions of component i in reactions, determines the conservation of the mass of the 
component i. Equation 2 presents the intrinsic kinetic modelling of a reaction system.  
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To account for the non-ideality of a mixture, the UNIQUACK contribution method is applied 
(Kapil et al., 2011). This method computes the activity coefficients in terms of the concentrations 
and molecular interaction properties of components and the activity as a product of the 
concentration and activity coefficient. The rate of reaction is correlated to the activities of the 
reaction mixture components. The Eley-Rideal mechanism with methanol adsorption as a rate 
limiting step is an adequate representation providing minimum number of degrees of freedom. The 
transesterification reaction occurs between adsorbed methanol on solid catalytic active sites and 
glycerides in liquid phase in this mechanism. Excess methanol with methanol to triglyceride molar 
ratio of 10:1 – 30:1 is maintained to facilitate the rate limiting step, reduce viscosity of the glyceride 
system and increase accessibility between methanol and bulky triglyceride. Table 1 provides the 
intrinsic kinetic model using this mechanism. 
Table 1 
The equilibrium constant for the adsorption of methanol Keq is assumed to be constant. The other 
two parameters included in the kinetic rate expression are kf : the rate of forward reaction for 
adsorption of methanol (with negligible backward reaction) and Ka : adsorption equilibrium 
constant for diglyceride, monoglyceride, glycerol and FAME. 
The kinetic rate expression for FAME is a summation of the kinetic rate expressions of 
Triglyceride, Diglyceride and Monoglyceride shown in equation 3, where the subscripts T, D, and 
M represent Triglyceride, Diglyceride and Monoglyceride respectively. The species are consumed, 
thus the negative sign is used to show that FAME is produced. 
 
2.2. Diffusion modelling 
For estimating the diffusion coefficients of multi-component liquid systems, the diffusion of one 
component in a continuum solvent of another component is considered. This infinite dilution 
diffusion coefficient is calculated for all binary combinations of components in the system. If the 
𝑟𝐹𝐴𝑀𝐸 =  −(𝑟𝑇 + 𝑟𝐷 + 𝑟𝑀)       (equation 3) 
components are of similar size and the mixture is viscous, the effect of hydrodynamics is most 
effectively modelled by the Wilke and Chang correlation (equation 4) (Krishna and Taylor, 1993).  
 
 
oD12  is the infinite dilution diffusion coefficient of solute 1 in solvent 2 in cm
2
 s
-1
, 2  is an 
association constant for solute solvent interaction, 
2M is the molecular mass (g mol
−1
), T is the 
temperature (K), 2  is the viscosity (10
-2
 g cm
-1
 s
-1
) and 
1V is the molar volume (cm
3
 mol
-1
). The 
value of 2 is 2.26 for water, 1.9 for methanol, 1.5 for ethanol and 1 for non-hydrogen bonded 
solvents. The binary diffusion coefficients are estimated using the mole fractions of the components 
coupled with the infinite dilution coefficients, in equation 5 (Krishna and Taylor, 1993).  
nspci            (equation 5) 
Where 'iiD  is the diffusion coefficient of component i against component i’ (cm
2
 s
-1
), xi is the mole 
fraction of component i in the reaction mixture. Equation 6 is applicable at scales where the size of 
the molecule is comparable to the diameter of the pore (in the range of approximately zero to one 
order of magnitude smaller) (Krishna and Taylor, 1993). This change of diffusion coefficients is 
due to the viscous ‘squeezing’ of large molecules through a pore already full of molecules.   
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R0 is the radius of the molecule and d is the pore diameter, OD  is the diffusion coefficient in large 
pores and D is the ‘squeezed’ diffusion coefficient. Further to estimate the viscosity at one 
temperature from a known value at another temperature, equation 7 is used. 
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(equation 7) 
Where T  is the viscosity at temperature T, in mPa s, T0 is the temperature at which the viscosity is 
known and T is the temperature at which the viscosity is required in either K or °C.  
2/)1(
'
2/)1(
''
'' )()( iiii
xxo
ii
xxo
iiii DDD

 
4)(equation                                                                                           
)(
104.7
6.0
12
5.0
228
12
V
TM
Do


A square matrix [B] is defined to evaluate the inverse of diffusive fluxes, e.g. in s per cm
2
, in terms 
of mole fractions (xi, xj) and the binary diffusion coefficients (calculated using equations 5-6) in 
equations 8a-b.  
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eff
iD  the effective diffusivity of specie i for an average mole fraction in a given time interval (t1 to 
t2) can be calculated by the ratio between the change in mole fractions in the time interval and 
summation of B elements for the specie for the given average mole fraction, in equation 9. 
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To predict the change in number of moles of specie i from time t1 to t2 due to diffusion, its 
relationship with the effective diffusivity is shown in equation 10. The equation uses activity in 
mole per gm of catalyst, time interval in second and specific surface area in cm
2
 per gm of catalyst.  
areaspecific
ttactivityD
diffusiontoduemolesofnumberinchange
eff
i )( 12 
(equation 10)
 
The change in the number of moles due to diffusion from equation 10 is added to the number of 
moles of the specie produced or consumed by intrinsic kinetic reaction to estimate the net change in 
the number of moles during a given time interval. 
2.3. Multi-scale modelling and solution strategy 
The multiscale simulation framework in Figure 1 combines the diffusive flux calculation in 
equations 4-10 and the flux due to elementary reaction steps through the solution of equations in 
Table 1 and equation 3. The total time of reaction is divided into sufficiently small durations during 
which the concentration change due to the diffusive flux and the concentration change due to 
intrinsic reactions are small and can be estimated with adequate accuracy. The bulk and the lattice 
concentration profiles are then updated with the respective concentration changes. The DRE in 
equation 1 is solved over the entire time scale for individual well mixed sections in a complex 
reactor. The macro reactor, meso (well mixed section) and catalytic porous scale interactions are 
captured in this modeling framewrok. In previous works, alumina supported MgO catalysts were 
reported to achieve high conversion of glyceride and production of high purity biodiesel. The 
catalyst porous structure resembles parallel cylindrical pore model with uniform pore radius. 
Figure 1 
Once the constants of the intrinsic kinetic equation in Table 1 are estimated using experimental data 
fitting on non-porous MgO catalyst by nonlinear regression analysis, the kinetic model thus 
established together with the physical property based effective diffusivity modelling in equations 4-
10 can be used to predict the species concentration profiles with time. The steps for estimating the 
mole fraction with respect to time profiles of species in a transesterification reaction process with 
nonporous catalyst at a given temperature are summarised as follows.  
Start the computation at (t0, C0) and proceed with time (Figure 2). The calculation for the point 2 is 
shown in equation 11a-b. The activity coefficient at (t1, C1) is estimated using the UNIQUAC 
method (Kapil et al., 2011). The value of the rate of reaction of the given component at t = t2 is then 
calculated from the activity coefficient at t = t2 and the initial guesses of the kinetic parameters. 
Using the backward derivative method C2 at t2 is predicted in equation 11a. The forward derivative 
method is shown in equation 11b. 
Figure 2 
 
 
C2 = C1 + (t2-t1) 
𝑑𝐶
𝑑𝑡
 
𝑡=𝑡2
 = C1 + (t2-t1)× 𝑟𝑡=𝑡2    (equation 11a) 
𝑟𝑡=𝑡2 = f(activity coefficient at t2 estimated from C2; initial guesses of kinetic parameters) 
C2 = C1 + (t2-t1) 
𝑑𝐶
𝑑𝑡
 
𝑡=𝑡1
 = C1 + (t2-t1)× 𝑟𝑡=𝑡1    (equation 11b) 
𝑟𝑡=𝑡1 = f(activity coefficient at t1 estimated from C1; initial guesses of kinetic parameters) 
Note that the value of the reaction rate r of a reactant is negative (as the concentration decreases 
with the reaction time) and the value of the formation rate r of a product is positive (as the 
concentration increases with the reaction time). 
The backward calculation method shown in equation 11a can be followed to obtain the consequent 
concentration points, e.g. C3 from C2: 
 
Once, all the concentration – time data points relevant to the experimental profile are predicted 
using the initial guesses of the kinetic parameters, the residual sum of the squared error (RSSQ) 
between the experimentally (e.g. C1exp) and the computationally derived concentration (e.g. C1calc) 
shown in equation 12, is minimised using an optimisation algorithm to obtain the optimal values of 
the kinetic parameters. 
RSSQ = (C1exp – C1calc)
2
 + (C2exp – C2calc)
2
 + (C3exp – C3calc)
2
 +…   (equation 12) 
A kinetic modelling framework shown so far can be implemented in a spreadsheet environment. 
The minimisation of RSSQ can be done using the EXCEL solver.  
The changes in the number of moles of species due to diffusion are calculated using equations 4-10, 
physical properties (molecular mass, molar volume, molecular radius and viscosity) of species and 
specific area, activity and average pore diameter of catalyst. The number of moles of FAME 
produced due to intrinsic reaction kinetics and the change in the number of moles of FAME due to 
diffusion are added to provide the net number of moles of FAME produced at various time points. 
Similar calculations are performed for all other species. 
3. Results and Discussions 
This study relies on continuous MgO catalytic operation for 2600 mins for achieving >98% 
conversion of a model system, tributyrin into high purity methyl butyrate. The intrinsic kinetic 
modeling was developed based on a laboratory scale slurry reactor prepared with homogeneous 
suspension of nonporous MgO catalyst powder. Figure 3 presents the resulted mole fraction vs. 
time profiles against experimental data points of the main species, tributyrin, dibutyrin, 
C3 = C2 + (t3-t2)× 𝑟𝑡=𝑡3 
monobutyrin and methyl butyrate. The Eley-Rideal with methanol adsorption limiting step model 
parameters, Keq, kf and Ka in Table 1, estimated by the linear regression analysis are shown in Table 
2. The RSSQ values obtained, for triglyceride (0.000032) > FAME (0.0000058) > monoglyceride 
(0.0000014) is due to the deviation in the final state, while for diglyceride (RSSQ: 0.000013) that 
acts as a reactant as well as formed as a product, an average variance of 0.00116 between the model 
estimated and the experimental values was observed. The total RSSQ value is 5.07826E-05 shown 
in Table 2. At the final equilibrium state the rate of reaction of triglyceride is 1.5 times more than 
that at the initial state, providing 2600 mins as the time of completion of the reaction with >98% 
molar conversion of triglyceride. It may therefore be assumed that at the equilibrium state, an 
overall or apparent reaction kinetic equation rather than an ER mechanism is adequate to estimate 
the final concentration. 
Figure 3 
Table 2 
Table 3 shows the physic-chemical properties of the species required for diffusion modelling, 
equations 4-10. For a catalytic nano-pore size equal to 1.2431 nm, the and 
OD
D
 calculated are 
shown in Table 4. The number of moles in the system is 310 mmol with triglyceride to methanol 
molar ratio of 1:30. The catalyst activity is 0.05 moles per gm, while the catalyst surface area is 
0.0095 cm
2
 per gm. These are inputted to the diffusion modelling steps shown in Figure 4. The 
kinetic and diffusive modelling spreadsheet is provided as the supporting information. 
Table 3 
Table 4 
Figure 4 
For a set of species average molar fractions at each time interval shown in Table 5, their change in 
number of moles due to diffusion with respect to time intervals is shown in Table 6. The diffusion 
effect is negligible for 1 nanometer pore size catalyst, as can be seen from Figure 5. It can be seen 
that with increasing porous size, e.g. 1-10 nanometer, from micro-meso, the diffusion effect 
contributes from negative effect to positive effect to the reaction conversion, as increasing size of 
the pores facilitates the bulky triglyceride molecules diffusive transport (Figure 5). At 1.293 
nanometer catalytic porous size, the diffusion effect changes from negative (lowering the 
conversion of triglyceride) to positive (increasing the conversion of triglyceride). Beyond 25 
nanometer catalytic porous size, the conversion of triglyceride increases monotonically. The 
catalytic surface area and activity have been kept constant. 
Table 5 
Table 6 
Figure 5 
The following combinations of catalyst properties can give rise to a triglyceride molar conversion 
>98%.   
1. activity = 0.3 moles per gm; surface area = 0.05 cm
2
 per gm; pore size (diameter) > 20 
nanometer. 
2. activity = 0.1 moles per gm; surface area = 0.016 cm
2
 per gm; pore size > 15 nanometer. 
3. activity = 0.068 moles per gm; surface area = 0.01 cm
2
 per gm; pore size > 10 nanometer. 
4. activity = 0.044 moles per gm; surface area = 0.005 cm
2
 per gm; pore size > 5 nanometer. 
The above properties of heterogeneous catalysts thus can be adjusted to tradeoff between the 
diffusion limitation and the accessibility of catalytic sites for maximum productivity at large scale. 
While models have been recommended to estimate the transport and kinetic parameters, the results 
consolidate applicability of the models and methodologies to establish parameters for scaled-up and 
engineered reactors. 
4. Conclusions 
A comprehensive intrinsic kinetic and diffusion modelling of transesterification reactions of plant 
oils for biodiesel production shows that the ER model with methanol adsorption as the rate limiting 
step provides good fits to the experimentally obtained intrinsic kinetic profiles on nonporous 
catalyst and that the molar fluxes due to diffusion calculated using the infinite dilution diffusion 
coefficients and the Wilke and Chang correlation can be used to estimate the feasible range of 
dimensions of catalysts. Multicomponent diffusion coefficients for the system have been found 
theoretically and a model to calculate the fluxes of the components at a given composition and 
diffusion driving force has been proposed. In addition to the catalytic activity and surface area, 
catalyst porous sizes are an important design factor. The various combinations of catalytic 
properties and dimensions have been examined assuming cylindrical pore structures for achieving 
greater than 98% molar conversion of triglyceride. It has been proposed for biodiesel reaction 
system in mind but could be adapted to model other reactive diffusive systems that incorporate pore 
networks. Research into suitable reactors for the biodiesel production reaction has been undertaken, 
with simplified reactor scale models identified. 
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